Geological analysis and physical analogy experiments indicate that, under geological conditions, hydrocarbon tends to migrate along a path of least resistance and attempt to follow the largest buoyancy component. There are four generalized modes of possible transport. First, hydrocarbons tends to migrate along the pathways with high porosity and permeability, and with a large grade difference relative to surrounding rocks (grade difference predominance); second, hydrocarbons tends to migrate in the opposite direction in overlying formations to the nadir of the sedimentation centre (divided syncline predominance); third, hydrocarbons tends to migrate in the direction of lower fluid pressure (fluid pressure predominance); fourth, hydrocarbons tends to migrate in the direction vertical to buoyancy (flow direction predominance). This paper reports on field observations in the Daqing oilfield area of China and also on physical analog experiments used to illuminate the four basic modes of transport. Under geological conditions, the hydrocarbon migration pathways are controlled by these four basic modes, which can be used to predict the directions of hydrocarbons migration and select favourable exploration locations.
ORIGIN OF THE PROBLEMS
It is important to know how hydrocarbons migrate after they are expelled from a source rock, as has been ably discussed by many authors (Dembicki and Anderson, 1989; Gussow, 1954 Gussow, ,1968 Hindle, 1997; Hunt, 1990; Kacewicz, 1992; Larter, 1995; Catalan, 1992; Mcauliffe, 1979; Person et al.,, 1994; Schowalter, 1979; Thomas, 1995; Tissot, 1987; Ungerer, 1991; England, 1987) . It is nearly always unsuccessful, and results in economic loss, to assess the hydrocarbon migration direction according to the fluid potential or structural features governed by the regional tectonic settings. There are numerous examples of this aspect as described in the following sections.
The Daqing anticline is the largest continental facies with hydrocarbon accumulations in China and, arguably, even in the world. Hydrocarbons come from the Sanzhao depression in the east and the Qijiagulong depression in the west (Fig. 1) . Some anticlines, such as Yingtai that developed in the western slope zone of the Qijiagulong depression, are adjacent to the source rock in the east with favourable sandy carrier beds but, seemingly inexplicably, they accumulate but little in the way of hydrocarbons. Similarly, hydrocarbon coming from the deeply buried Qingshankou source rock are found accumulated in the shallow Heidimiao reservoir, lying in the Qijiagulong depression to the west of the Daqing anticline. Statistically, these accumulations are mostly located in rollover anticlines on the downthrown sides of growth faults, which are connected to deeply buried source rocks, and no hydrocarbons are accumulated in the large anticlines on the upthrown sides of the faults (Fig. 2) . Some faults, connecting to Jurassic and underlying source rocks, developed in the Junggar basin. The hydrocarbons in the Jurassic are found predominantly accumulated in the youngest formations cut by the faults, and hardly at all accumulated in anticlines were they intuitively would be expected to be found.
There are many examples of such unexpected observations, showing that hydrocarbon accumulation is more controlled by the predominant migration pathways than by the regional geological setting or fluid potential (Fig. 3) . Previous work (Lerche and Thomsen, 1994) has focused on numerical illustrations of hydrocarbon migration in various geometrical settings using hydrodynamic flow, buoyancy, and capillary action as the main driving forces, together with heterogeneous permeability variations to focus flow of hydrocarbons. In this paper, four basic geological modes are generalized based on research on hydrocarbon migration controlled by Figure 3 . Oil-bearing area of Xishanyao formation (JSQ4), ShiXi well region, ShiXi oil field predominant pathways in practical geological conditions and their mechanisms and basic characteristics are studied with the help of physical model analogs. When the field examples, the numerical illustrations, and the physical analog models are viewed as end-member components of an integrated study, these results provide guidance for optimization of exploration under complex geological conditions.
PREDOMINANT HYDROCARBON MIGRATION PATHWAY MECHANISMS
Predominant hydrocarbon migration pathways are the preferential pathways through which hydrocarbons flow. Faults, unconformities and highly permeable carrier beds may act as predominant pathways. Because they often account for a small volumetric part of carrier beds in quantity, but the amount of hydrocarbons migrating though them is significant, the predominant migration pathways are often informally called migration highways. Concept models are shown in Figure 4 . . Grade difference predominant pathway formed by distribution differences of porosity and permeability in the carrier bed
a. Basic models and their main controlling factors
The migration pathways of hydrocarbons are mainly controlled by two factors: first is the inclusion of buoyancy, fluid pressure gradient, and capillary force produced in the medium; second is the transport medium conditions available for hydrocarbon migration, including porosity, permeability and their heterogeneous spatial distributions. Four basic modes can be sorted out.
Grade difference predominant pathways
Grade difference predominant pathways are the pathways formed by distribution differences of porosity and permeability in carrier beds. A concept model is shown in Figure 5 . Hydrocarbons prefer to flow along the line of maximal grade difference in such a medium, all other factors being ignored. Here the grade difference refers to the relative difference of porosity and permeability between the pathways and the surrounding "country" rock. The larger the grade difference, the more easily hydrocarbons migrate though the medium with high porosity and permeability, and the greater the proportion of hydrocarbons that migrate though that medium, and vice versa for smaller grade differences. This is the same as vehicle transportation in a traffic network: the wider the road and the better the quality of the road surface, so more vehicles can run per unit time. The concept of grade difference (Fig. 6 ) can be used to explain the phenomenon that the migrating hydrocarbons or remnant hydrocarbons may not be seen in the carrier beds between source zones and accumulation zones.
Dividing syncline predominant pathways
Here the hydrocarbon migration pathways are formed by the departure of carrier beds overlying the source rocks from the source rock geometrical structure. Figure 7 shows the concept model. One should pay special attention in this mode to faults and regional cap rock formation, and the matching relations of one to another. For instance, the hydrocarbons in the Qijiangulong depression of the SongLiao basin migrated eastward and accumulated in the Daqing anticline, related to the departure of carrier beds and regional cap rock overlying the primary source rocks of Qingshankou formation in Qijiagulong depression (as in Fig. 1 ) from the geometrical structure of the source Figure 6 . Results of experiments on the hydrocarbon migration and accumulation differences caused by grade difference predominant pathways rocks. In such a case, buoyancy is the primary force pushing the hydrocarbons upward, and faults are the main pathways of pressure relief and hydrocarbon migration. The dividing syncline under the regional cap is the key element determining the hydrocarbon migration pathways. Figure 7 . Geological concept model of hydrocarbon migration and predominant pathways controlled by dividing syncline of regional cap. A: dividing syncline deviating to the left of the hydrocarbon supply centre; the hydrocarbons tend to accumulate to the right; B: dividing syncline deviates to the right of the hydrocarbon supply centre; the hydrocarbon tends to accumulate to the left Figure 8 . Geological concept model of control of hydrocarbon migration by flowing pressure predominant pathways. A: the hydrocarbons migrate along the current direction when the hydrodynamic force is extremely strong; B: most hydrocarbons migrate along the current direction when the hydrodynamic force is less strong; C: a fraction of the hydrocarbons migrate along the current direction when the hydrodynamic force is weaker; D: a very small fraction of the hydrocarbons migrate along the current direction when the hydrodynamic force is weak
Flowing pressure predominant pathways
Flowing pressure predominant pathways are those governed by hydrodynamic gradients in the process of hydrocarbon migration. When there is no hydrodynamic force, hydrocarbons in the homogeneous carrier beds will be controlled only by buoyancy while migrating from deep to shallow horizons, but in the presence of a hydrodynamic gradient, migration will be controlled both by buoyancy and the hydrodynamic force. Figure 8 shows a concept model. When the buoyancy and hydrodynamic force are equal but in opposite directions, it is easy to form lifted types of reservoir trapping, but when they are in the same direction, the hydrocarbons will migrate at an accelerated pace.
Flow direction predominant pathways
Flow direction predominant pathways (shown in Fig. 10 ) are the pathways formed by buoyancy in the process of hydrocarbon migration. In sedimentary basins, the pores are always water filled, so hydrocarbon migration is affected by buoyancy all the time.
It is the action of buoyancy that drives hydrocarbons to migrate from a basin centre to
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Figure 9. Geological concept model of the control of hydrocarbons by flow direction predominant pathways. A: the migration of hydrocarbons when the fault slope is small (the component of forces directed to the trap is larger, favourable to accumulation); B: the migration of hydrocarbons when the fault slope is 45º (the component of forces directed into the trap is equal to that along the fault plane); C: the migration of hydrocarbons when the fault slope is 90º (the component of forces along the fault plane is larger, unfavourable to accumulation); D; the migration of hydrocarbons when the fault slope is larger than 90º (the component of forces pointing the trap is equal to that along the fault plane and hydrocarbons tends to be lost instead of being accumulated) edges and from deep to shallow horizons, which is the general rule for hydrocarbon migration. When faults exist, the migration of hydrocarbons will be controlled both by buoyancy and the angle of faults. The larger the angle, the more easily hydrocarbons migrate vertically; while the smaller the angle, the more difficulty hydrocarbons have in migrating upwards along the faults. In the latter case, the hydrocarbons may disperse along predominant pathways to be accumulated in intermediate traps before they reach the top of the fault plane or sediment surface (Fig. 9 ). To trace hydrocarbon migration predominant pathways it is important to study the dispersive actions caused by fault slopes during hydrocarbon migration upward along the faults. These four modes are generalized from ideal or simple geological conditions but reality is more complicated. From the time of expulsion from source rocks to being accumulated in traps, hydrocarbons may undergo one, two or all of these modes, or even other modes of transport, such as solution transport. (
ii) Results of the experiment and discussion
Results of the experiment are listed in Table 1 , recording the oil volume and relative oil volume injected in areas A, B, C and D at different rates, where the relative oil volume means the ratio of oil volume injected into an area and oil volume flowing though the area. The value of the relative oil volume indicates the influence effect by surrounding rocks on hydrocarbons in the predominant pathways. Thus, the larger the external influence factor, the lesser is the hydrocarbon migration controlled by the predominant pathways. The results of Table 1 can be depicted as shown in Figure 11 . We may conclude from Table 1 and Figure11 that: In the carrier system with no grade difference, it is difficult to form predominant pathways and the hydrocarbon migration is mainly controlled by buoyancy; It is easy to form predominant pathways in the carrier system with a large grade difference. The larger the grade difference, the less volume of oil will be influenced by external factors, and the larger will be the role of the predominant pathways; The higher the oil injection rate, the lesser is the influence of the external volume and the more dominant is the role of the predominant pathways. 
(i) Experimental Procedure
Oil is injected from the two entrances at the bottom of the lowest section at the rate of 0.1ml/min. The lowest section is filled up first because of its good porosity and permeability. Then, as a result of buoyancy, the oil in the lowest section migrates upward and is accumulated at the tops of the two anticlines. The compact top section acts as a seal for the oil in the two anticlines. In the process of oil injected, the surplus water in the box model is discharged from the outlet at the top. Table 2 and Figure 13 . The oil volume injected in anticline A or B is related to the location of the depression point between them. When the depression point moves left, the area of oil supply is decreased, leading to a lesser oil volume being accumulated in anticline A; meanwhile, the area of oil supply in anticline B is enlarged, resulting in more oil being accumulated. The location between the dividing syncline of the regional cap and the source rock is the key factor that controls the hydrocarbon volume accumulated in traps between them. 
Experimental Procedure
Oil is injected into the entrance at the bottom of the fault from the base of the box model, with oil migration upwards along the fracture due to buoyancy. As a result of the vertical component of force, a part of the oil will migrate gradually upward along the reservoir bed (with high porosity and permeability) into the target strata d1, d2 and d3. Because the inclination of the fault and the locations of the target strata are different, so too the oil volume injected into the three target strata is different. The total volume of oil and rate of oil injected are 10.86ml and 0.01ml/min respectively, and are kept constant each time as the experiment is repeated with different fault angles. 
Results of the experiment and discussion
Results of three groups of physical experiments conducted under different inclination conditions are shown in Table 3 and Figure 15 , from which it can be seen that different inclinations of faults, through which the hydrocarbons migrate, result in very different oil volumes being accumulated in the three target strata. When the inclination of the fault increases, the oil volume accumulated in formations d1 and d2 is reduced, but the oil volume in formation d3 increases, indicating that the upward tendency, under the buoyancy force, determines the hydrocarbon migration and accumulation. When the inclination of the fault is small, the component force along the fault is also small, while the component force directed towards the target strata is large, and so the probability for hydrocarbon accumulated in nearby traps is high. However, when the inclination of the fault is large, the component force for hydrocarbon migrating along the fault is large, and the force directed towards the target strata is small, and so hydrocarbons migrate long distances. The conclusion is that a high angle fault is favourable for hydrocarbon migration and the formation of predominant pathways; while a low angle fault is favourable for hydrocarbon accumulation and formation of predominant pathways. are located to the left and right of the box model respectively. When water is injected, the rate of injection is changed with time, the aim being to change the migration direction of hydrocarbons and the oil volumes accumulated in the two anticlines.
(i) Experimental Procedure
Oil is injected from the entrance at the bottom of the box model at a rate of 0.1ml/min, and migrates upwards along the target strata and is accumulated in anticlines A and B as a result of buoyancy. The total oil volume injected is 13.6ml. Meanwhile, water is injected from the entrance on the left at the rate of 0ml/min, 2.2ml.min, 5ml/min and 8.5ml/min, respectively, and the oil volumes accumulated in anticlines A and B are correspondingly recorded.
(
ii) Results of the experiment and discussion
Results of the experiment are illustrated in Table 4 and Figure 17 , indicating that when the water injection rate is zero, the oil volume accumulated in anticlines A and B is about 5 ml for each. As the water injection rate increases, the oil volume accumulated in anticline A reduces gradually, because it is nearer to the water injection entrance. In contrast, the oil volume accumulated in anticline B increases constantly as the water injection rate increases. The oil volume in anticline A reduces from 5ml to 4ml, 3.5 Total oil volume injected is 13.6ml; the rate of oil injected is 0.1ml/min Figure 16 . Physical analog experiment on the control of hydrocarbons by fluid pressure predominant pathways ml, and 2.5ml, but the oil volume in anticline B increases from 5ml to 6ml, 6.5ml and 7.5ml, when the water injection rate changes from zero to 2.2ml/min, 5ml/min, and 8.5ml/min. So it can be concluded that hydrodynamic pressure is a key factor controlling hydrocarbon migration.
e. Physical analog experiments on integrated predominant pathways with all four major factors
Experimental Model
The model of the experiment is illustrated as Figures 18 A and 18 B . In a box model with length 50cm and width 30cm, four target strata, sealed separately by formation Table 5 .
(i) Experimental Procedure
The oil is injected from two oil entrances at the base of the model at the rate of 0.1ml/min. Total oil volume injected is up to 276.6ml. In the process of injecting oil, water is injected from the entrance on the left at the rate of 3ml/min. Initially the injected oil is accumulated in the source rock then, when that is full, part of the oil will migrate upwards into d1 under buoyancy, and another fraction of the oil will migrate along fractures L 1 and L 2 into traps in the target strata a, b, c, d, e, f, g and h. Because of the difference of inclinations of the two fractures, the difference of the porosity and permeability of each formation, and the variable heterogeneous hydrodynamic conditions, the oil volumes accumulated in each trap are different. The oil volumes in traps at particular times are recorded so as to study the rules of oil distribution and the dominance of each of the predominant pathways controlling hydrocarbon migration and accumulation.
(ii) Results of the experiment and discussion Results are shown in Figure 19 and Table 6 . The oil volume in trap e, located at the top of target stratum (d 4 ) in the right anticline, is the largest (35ml); trap h, located in the lowest target stratum in the right anticline is second (12ml); the following, in order of fill, are trap a (10ml), trap g (8ml), trap g (5ml) and finally trap d (2ml). There is no oil accumulated in trap b or trap c. The mechanism of hydrocarbon migration controlled by the predominant pathways accounts for the above phenomena. The dividing syncline predominant pathways lead to the difference between oil volume in trap d and that in trap h. Between trap d and trap h the depression point deviates to the left, and the oil supply area for trap d is obviously smaller than that for trap h, so the oil volume in trap d (2ml) is less than that in trap h (12ml).
The oil volume flow through fracture L 1 is less than that through fracture L 2 , caused by flow direction predominance. With its larger inclination, which is favourable for hydrocarbon migration, fracture L 2 acts as a predominant pathway. This is the mechanism of flow direction predominant pathways that causes the zero oil volume in trap b and trap c connected by fracture L 1 . Figure 19 . Results of the physical analog experiment on the control of hydrocarbons using an integration of all predominant pathways
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The mechanism of grade difference predominant pathways leads to the small oil volumes accumulated in trap f and trap g connected by predominant pathway L 2 and to the difference of oil volumes between these traps. The physical experiments on hydrocarbon migration controlled by flow direction predominance indicate that trap f is more favourable for hydrocarbon accumulation than trap g, because the fracture (L 2 ) is steep and trap f is above trap g. However, because the carrier bed d 3 connecting trap f is more compact than carrier bed d 2 connecting trap g, hydrocarbons migrated through carrier bed d 3 are less, and the oil volume accumulated in trap f (5ml) is less that in trap g (8ml).
The mechanism of fluid pressure predominant pathways causes the oil in target stratum d4 to migrate from left to right through fault L 2 , and so the oil volume accumulated in trap e (35ml) on the left side is more than that in trap a on the right side.
CONCLUSIONS
Based on the physical analog experiments reported here, together with the numerical experiments reported elsewhere (Lerche and Thomsen, 1994) , and including many field observations of hydrocarbon accumulations under varying conditions, by combining all three of these aspects it is possible to put together a relatively clear summary of possible effects that occur. These are:
1.
There exist predominant pathways in hydrocarbon migration.
2.
There are four basic geological modes of hydrocarbon migration controlled by predominant pathways. First is the grade difference predominant pathway. Hydrocarbons tend to migrate through formations with high porosity and permeability and with the greatest grade difference to the surrounding rocks. In the process of hydrocarbon migration, the greater the grade difference, the less the hydrocarbons will be lost by secondary influences and the higher efficiency predominant pathway carries most of the hydrocarbons.
Second is the dividing syncline predominant pathway. By and large the direction and volume of migrated hydrocarbons are controlled by the matching relationship between the regional seal and the underlying source rock. The larger the confined oil supply area, the more hydrocarbons are accumulated.
Third is the flow direction predominant pathway. Hydrocarbons always have a buoyancy tendency to migrate vertically towards the direction of the sedimentary surface. When there are high angles of inclination faults connecting to the source, the component of buoyancy force along the fault is large, and so the fault is favourable for hydrocarbon migration; in contrast, when faults connect to the source with small angles of inclination, the component of buoyancy force along the fault is small, and so the fault is favourable for lateral oil spreading and accumulation.
Fourth is the fluid pressure predominant pathway. Oil has the tendency to migrate from areas with high fluid pressure to areas with low fluid pressure. The greater the fluid pressure, the more oil volume is driven hydrodynamically along the fluid pressure gradient direction. Keeping other conditions fixed, the direction of fluid pressure gradient will decide the trend of hydrocarbon migration predominant pathways.
3.
Under actual geological condition, the predominant pathways of hydrocarbon migration are controlled by a combination of all four factors, including grade difference predominant pathways, dividing syncline predominant pathways, flow direction predominant pathways and fluid pressure predominant pathways. The conditions of a sedimentary basin change with time and so it is not clear when individual components of the four controlling mechanisms are dominant, leading to uncertainty in the exploration risk of finding hydrocarbon accumulations. It is, perhaps, the combined interaction of field case studies, numerical model construction, and physical analog experiments, as reported here, that allows one to sharpen the focus of study in attempts to understand how these processes operate in a particular basin and how the chances of hydrocarbon finding are improved with such knowledge. And that has been, perhaps, the dominant thrust of this paper. 
